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Summary
Objective: The knowledge of in-vivo cartilage contact biomechanics is important to the understanding of the pathogenesis of joint diseases
such as osteoarthritis. This study investigated the in-vivo contact areas of human talocrural joint under weightbearing conditions that simulated
the stance phase of walking using a combined magnetic resonance (MR) and dual-orthogonal ﬂuoroscopic imaging technique.
Design: Nine healthy ankles of living subjects were recruited for this study. The in-vivo talocrural joint positions were recorded using the dual-
orthogonal ﬂuoroscopic images at three ankle positions that simulated those occurring during the stance phase of walking: heel strike, mid-
stance, and toe off. Three-dimensional (3D) models of the talocrural joints were created from MR images and used to reproduce the in-vivo
ankle positions recorded on the ﬂuoroscopic images. The talocrural cartilage contact area was deﬁned as the overlap area of the distal tibial
and the proximal talar cartilage surfaces. The method was validated using an in-vitro experimental setup to evaluate its accuracy in determi-
nation of cartilage contact area.
Results: The validation study demonstrated that the articular cartilage contact area of the talocrural joint determined using the imaging tech-
nique was approximately 4% lower than that of the experimental measurement. In the nine living ankles, the average cartilage coverage area
was 964.9 156.1 mm2 on the distal tibia and 1304.8 208.4 mm2 on the proximal talus. The average talocrural cartilage contact areas were
272.7 61.1 mm2 at heel strike, 416.8 51.7 mm2 at mid-stance, and 335.7 64.5 mm2 at toe off. The contact area at mid-stance was sig-
niﬁcantly larger than those at heel strike and toe off, while the contact area at toe off was signiﬁcantly larger than that at heel strike.
Conclusion: The combined dual ﬂuoroscopic and MR imaging technique was shown to be capable of determining in-vivo talocrural cartilage
contact areas. During the simulated stance phase of walking, the contact areas were less than 44% and 31% of the cartilage coverage areas
of the distal tibia and the proximal talus, respectively. These data may be useful for understanding in-vivo biomechanical function of the
cartilage as well as the etiology of osteoarthritis.
ª 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.





The talocrural (ankle) joint is an important weightbearing
articulation in the human body. Ground reaction forces
transmitted through the talocrural joint were reported to be
two to three times the body weight during gait1,2. However,
very few studies have reported on in-vivo articular cartilage
contact behavior of the talocrural joint. This knowledge is
critical for understanding the pathogenesis of joint diseases
such as osteoarthritis and for the design of ankle joint
arthroplasties since abnormal contact mechanics is gener-
ally believed to cause osteoarthritis3.
Talocrural joint contact has been studied mostly using
in-vitro cadaveric ankle specimens4e17. For example,
Ramsey and Hamilton4 used carbon black transference
techniques to determine the contact area in the tibiotalar ar-
ticulations with the talus in its neutral position and displaced
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Received 12 January 2006; revision accepted 13 May 2006.129laterally.Others usedpressure sensors or pressure-sensitive
ﬁlm to determine the contact areas and pressure distributions
on the proximal talar surface under various simulated talocru-
ral conditions5e15. Kinematic tracking methods have also
been used to determine ankle joint contact area16,17, such
as the magnetic tracking device combined with proximity
calculations of digitized joint surfaces used by Kura et al.16;
the radiostereometric analysis (RSA) combined with three-
dimensional (3D) surface modeling used by Corazza
et al.17 Despite these various in-vitro investigations, mea-
surement of in-vivo cartilage contact areas of the talocrural
joint under functional loading conditions remains a challenge
in biomedical engineering.
Recently, a novel technique using dual-orthogonal ﬂuoro-
scopic images and magnetic resonance (MR) image-based
computer models was introduced to study in-vivo articular
cartilage contact kinematics of the knee18e20. In this paper,
this method was adapted to study the in-vivo articular carti-
lage contact patterns of the talocrural joint on both the distal
tibia and proximal talus at three weightbearing positions
that simulated three positions of the stance phase of
walking. MR image-based talocrural joint models were
used to reproduce the 6 degrees-of-freedom (DOF) in-vivo
ankle positions. Cartilage-to-cartilage contact area was4
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cartilage surfaces of the tibia and talus. The methodology
used to measure talocrural cartilage contact area was vali-
dated using an in-vitro experimental setup.
Materials and method
Nine normal ankles from seven healthy volunteers (three
males and four females, 24e45 years old) were recruited
with the approval of our institutional review board (IRB). The
averaged body weight of the volunteers was 67.4 13.1 kg
and the averaged height was 169.3 10.3 cm. The averaged
body mass index (BMI) was 23.9 4.4. Two male volunteers
had both of their ankles studied while others had only one.
Four ankles were left and ﬁve were right. The ankles had no
history of injuries and no signs of osteoarthritis.
MR IMAGING AND 3D MODEL
Eachankle recruited for this studywasMR imagedona1.5-T
magnet (GE, Milwaukee, WI) using a surface coil and three-
dimensional spoiled gradient-recalled (3D SPGR) sequence
with the subject lying supine (TR¼ 48 ms, TE¼ 4.3 ms, Flip
Angle¼ 45(, FOV¼ 16 16 cm2). A cubic volume (16
16 10 cm3) enclosing the talocrural joint was MR scanned
with 16 cm in both anterioreposterior and proximaledistal
directions [Fig. 1(a)] and 10 cm in medialelateral direction.
Parallel sagittal images with a resolution of 512 512 pixels
were separated at 1 mm intervals. For each ankle, the scan
time was approximately 11 min. The MR images were im-
ported into a solidmodeling software package (Rhinoceros,
Seattle, WA) for digitization of the outlines of the tibia, talus
and their cartilage surfaces. The digitized spatial data (x, y,
z coordinates) were then linked using B-spline curves to re-
produce the contours of the tibia and talus. Bone and carti-
lage surfaces of the tibia and talus were created from the
contours using polygon mesh. This method has been used
extensively in previous publication21. A typical talocrural joint
model constructed from MR images is shown in Fig. 1(b).
DUAL-ORTHOGONAL FLUOROSCOPIC SYSTEM
A dual-orthogonal ﬂuoroscopic imaging system was used
to measure in-vivo ankle joint kinematics22. In this system,
two ﬂuoroscopes (OEC 9800 ESP, GE, Salt Lake City)were positioned in such a way that the two image intensi-
ﬁers were perpendicular to each other in the horizontal
plane23. During the experiment, the subject walked on
a platform and once the ankle was in front of the two image
intensiﬁers, the ankle positions were recorded simulta-
neously from anteromedial and anterolateral directions by
the two ﬂuoroscopes (Fig. 2). The resolution of the images
collected from the ﬂuoroscopes was 1000 1000 pixels.
Various ankle positions during functional activities can be
recorded using this system. In this study, each subject
was instructed to reproduce three ankle positions represen-
tative during the stance phase of level walking: heel strike
(at the early phase of walking, the heel of the target foot
touches the ground and carries partial body weight), mid-
stance (at the middle phase of walking, the target foot
carries full body weight), and toe off (at the late phase of
walking, only the toes of the target foot touch the ground
and carry partial body weight). At each of these positions,
the ankle was held still for 1 s for the two ﬂuoroscopes to
capture the ankle position.
DETERMINATION OF IN-VIVO CARTILAGE CONTACT AREA
To determine in-vivo talocrural joint kinematics, the 3D
talocrural joint model and the orthogonal ﬂuoroscopic
images were imported into the solid modeling software to
create a virtual dual-orthogonal ﬂuoroscopic system22. Two
virtual cameras were created to reproduce the positions of
the X-ray sources of the two ﬂuoroscopes during the imaging
acquisition. The orthogonal images were placed as two vir-
tual image intensiﬁers [Fig. 3(a)]. The 3D talocrural joint
model was then imported into the virtual space. The virtual
cameras projected the joint model onto the corresponding
virtual image intensiﬁers [Fig. 3(a)]. The positions of the tibial
and talus models were manually adjusted individually in 6
DOFuntil their projectionsmatched the contours of the actual
talocrural joint on the two ﬂuoroscopic images [Fig. 3(a)].
The 3D talocrural joint model then reproduced the in-vivo
ankle position recorded on the dual ﬂuoroscopic images
[Fig. 3(b)].
Once the talocrural joint positions were determined, the
relative positions of the cartilage surfaces of the tibia and
talus were determined. At each ankle position reproduced
in the virtual space, the tibial and talar cartilage surfaces
(of the ankle model) showed partial overlap. In this study,
this overlap was assumed to indicate the locations whereFig. 1. (a) A typical sagittal plane MR image of the talocrural joint; (b) 3D bony and cartilage model of the talocrural joint.
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mined by identifying the intersection of the cartilage
surfaces, with the use of the solid modeling software.
Tostudy thecontact patternsat the talocrural joint, both tibial
and talar surfaces were evenly divided into nine sub-
regions [Fig. 4(a) and (b)]. Each sub-region was labeled by
two letters in vertical and horizontal directions, respectively.
Similar to the contact frequency as deﬁned in previously pub-
lished data on ankle and shoulder joints16,24, we deﬁned
a modiﬁed contact frequency to describe the contact patterns
at the talocrural joint in this paper as the percentageof the con-
tact area at a sub-region with respect to the overall contact.
SYSTEM VALIDATION
A validation was performed to assess the accuracy of the
combined MR and ﬂuoroscopic imaging technique when
used to measure cartilage contact areas of the talocrural
joint. A human cadaveric foot specimen (male, 68 years
old) with a 40 cm tibia shaft was MR imaged and a 3D
anatomic talocrural joint model was constructed, including
the bony surfaces of the tibia and talus, as well as the
corresponding cartilage surfaces.
After the MR imaging scan, the talocrural joint was sepa-
rated at the talocrural joint line and installed on a robotic
testing system25. In this setup, the foot of the specimen
was rigidly ﬁxed on a pedestal while the tibia was ﬁxed to
the robot through a 6 DOF load cell. The talus was left on
the foot and not ﬁxed using additional constraints. The robot
could apply a load to the tibia, causing talocrural joint com-
pression. In this validation study, the ankle was loaded
along the tibial axis to about 200 N. The robot recorded
the ankle position under the load. The talocrural joint was
Fig. 2. (a) The dual-orthogonal ﬂuoroscopic system setup for mea-
surement of in-vivo ankle joint kinematics; (b) three weightbearing
positions of the foot captured in this study.then separated and liquid silicone rubber26 was placed
between the tibia and the talus. The tibia was returned to
the position measured by the robot under the 200 N axial
load. The silicone rubber was squeezed away from the
area of articular cartilage contact and was kept in that posi-
tion for 1 min until the rubber hardened. The talocrural joint
was then imaged using the dual-orthogonal ﬂuoroscopic im-
age system. The ankle was separated immediately to digi-
tize the contact area. The entire procedure took less than
5 min. The ankle joint was sprayed regularly with saline to
keep the joint from dehydrating. The cartilage contact
area was represented by a hole in the silicone rubber
[Fig. 5(a)], which was digitized using a stylus (Microscribe
3DX, Immersion Technologies, San Jose, CA). In addition,
anatomic landmarks on the tibia and talus were also digi-
tized so that the contact area measured from the silicone
casting method could be aligned with the 3D talocrural
model. The actual contact area could be compared to that
obtained from the image matching method.
The pair of ﬂuoroscopic images of the ankle captured
when the ankle joint was under compression and the 3D
models of the tibia and talus were used to reproduce the an-
kle position in the virtual ﬂuoroscopic system using the
same procedures as for the in-vivo study mentioned before.
The ankle position under load was matched ﬁve times inde-
pendently in this validation study to evaluate the repeatabil-
ity of the matching process in determination of cartilage
contact area. The cartilage contact area determined in this
fashion was then compared with that measured from the sil-
icone casting method, which represented a rigorous valida-
tion of the contact area obtained using the combined MR
and dual-orthogonal ﬂuoroscopic imaging technique.
DATA ANALYSIS
In this paper, we ﬁrst presented the data that validated
the accuracy of the image matching method in determina-
tion of the articular cartilage contact area. We then pre-
sented the cartilage contact areas of the talocrural joint at
various weightbearing conditions, i.e., simulated heel strike,
mid-stance and toe off positions. The cartilage contact
frequencies on both the tibial and talar surfaces were calcu-
lated to describe cartilage contact patterns. A repeated
measure ANOVA was used to compare the cartilage con-
tact areas between different foot positions. The statistically
signiﬁcant difference was deﬁned as P< 0.05.
Results
SYSTEM VALIDATION
In the in-vitro validation study, the cartilage contact area at
the talocrural jointmeasuredusing the siliconecastingmethod
was 579.1 mm2 under a 200 N compressive load [Fig. 5(a)].
The contact area measures obtained from the ﬁve indepen-
dent image matching processes averaged 568.9 22.2 mm2
[Fig. 5(b)]. The coefﬁcient of variance (the ratio of the standard
deviation to the mean value, as a percentage) was 3.9%. This
areameasurement (by the imagemethod) was approximately
3.4% smaller than the physical measurement by the silicone
casting method (579.1 mm2).
IN-VIVO CARTILAGE CONTACT AREA AT TALOCRURAL JOINT
Cartilage coverage areas of each talocrural joint were cal-
culated. The average cartilage coverage area of the nine
1297Osteoarthritis and Cartilage Vol. 14, No. 12Fig. 3. (a) The virtual dual ﬂuoroscopic system used to reproduce the in-vivo talocrural position; (b) medial view of the talocrural joint during the
stance phase of walking (cartilage not shown) reproduced using the virtual dual ﬂuoroscopic system.ankles was 964.9 156.1 mm2 on the tibial surface and
1304.8 208.4 mm2 on the talar surface.
The cartilage contact areas of a typical talocrural joint
during the simulated stance phase of walking are illustrated
in Fig. 6. At heel strike position, the average contact area of
the nine ankles was 272.7 61.1 mm2 (Fig. 7), which ac-
counted for 28.2 4.2% of the tibial cartilage surface area
and 20.9 3.6% of the talar cartilage surface area. At
mid-stance position, the cartilage contact area was
416.8 51.7 mm2, which accounted for 43.7 5.5% of the
tibial cartilage surface area and 31.0 5.0% of the talar
cartilage surface area. At toe off position, the cartilage con-
tact area was 335.7 64.5 mm2, which accounted for
34.8 4.1% of the tibial cartilage surface area and
25.8 3.9% of the talar cartilage surface area. The contact
area at simulated mid-stance was signiﬁcantly larger than
those at simulated heel strike (P¼ 0.0001) and toe off
(P¼ 0.0004), while the contact area at simulated heel strike
was signiﬁcantly smaller than that at simulated toe off
(P¼ 0.0028) (Fig. 7).
IN-VIVO CARTILAGE CONTACT PATTERNS
AT TALOCRURAL JOINT
Cartilage contact frequencies of the talocrural joint at
different foot positions during the simulated stance phase
of walking are shown in Table I. The average ﬂexion an-
gles of the talocrural joint were calculated using the same
protocol as in our previous work22. From heel strike tomid-stance, the talocrural joint plantarﬂexed 4.9 8.1(
in these nine subjects. From mid-stance to toe off, the
talocrural joint only plantarﬂexed 0.2 12.5(. At the sim-
ulated heel strike position, the highest contact frequency
on the tibial surface was observed at the lateralecentral
sub-region (18.9 13.4%) and lowest at the mediale
posterior sub-region (3.5 9.6%). On the talar surface,
the highest contact frequency was also measured at the
lateralecentral sub-region (22.1 15.0%) and the lowest
was at the medialeposterior sub-region (0.6 1.7%). At
the simulated mid-stance position, the highest contact
frequency was observed at the lateralecentral sub-region
(21.4 3.9%) and the lowest was at the medialeposterior
sub-region (1.4 3.7%) of the tibial surface. On the talar
surface, the highest contact frequency was found also at
the lateralecentral sub-region (24.5 7.8%) and lowest at
the medialeposterior sub-region (1.4 2.5%). At the
simulated toe off position, the highest contact frequency
was measured at the centralecentral sub-region of the
tibial surface (18.5 7.1%) and the lowest was at the
lateraleposterior sub-region (1.7 1.9%). On the talar
surface, the highest contact frequency was also at the
centralecentral sub-region (17.8 11.9%) and the lowest
was at the lateraleposterior sub-region (5.5 5.6%).
Discussion
This study investigated the in-vivo articular cartilage
contact area at the talocrural joint under weightbearing
1298 L. Wan et al.: In-vivo talocrural cartilage contact areaconditions that simulated the stance phase of walking using
a combined MR and dual-orthogonal ﬂuoroscopic imaging
technique. Our validation demonstrated that the cartilage
contact area at the talocrural joint could be accurately deter-
mined using this imaging technique.
Fig. 4. (a) Nine sub-regions of the distal tibial cartilage surface; (b)
nine sub-regions of the proximal talar cartilage surface. The nine
sub-regions are identiﬁed by the letters on both the tibial and talar
cartilage surfaces.Coverage areas of cartilage surfaces of the talocrural
joint have been reported in several studies7,16,27,28. Data
from these studies are shown in Table II. Although there
is no unique standard on deﬁnition of the boundaries of
cartilage coverage areas of the distal tibial surface and
the proximal talar surface, all these data were similar with
ours, where a 964.9 156.1 mm2 was measured for the tib-
ial cartilage surface and 1304.8 208.4 mm2 for the talar
cartilage surface.
Cadaveric experimental setups have been used in various
studies to estimate cartilage contact areas at the talocrural
joint4,7,9,29. Most of these experiments used pressure sensors
orpressure-sensitive ﬁlm.Kimizukaetal.29measuredaverage
in-vitro talocrural contact areas of 434 mm2 and 484 mm2 un-
der 1000 Nand 1500 Ncompressive loads, respectively. Dris-
coll et al.9 measured a total contact area of 327.4 31.9 mm2
under a compressive load of 800 N with 10% of the load ap-
plied through theﬁbula.RamseyandHamilton4 reportedacon-
tact area of 440 121 mm2 under a compressive load of
700 N. Under a 500 N loading, Kimizuka et al.29 measured
Fig. 6. In-vivo cartilage contact patterns during the simulated stance
phase of walking of a typical talocrural joint.Fig. 5. (a) The contact pattern measured using silicone casting method in a cadaveric foot specimen; (b) 3D talus model with blue contour
representing the contact pattern from silicone casting method and green contours representing the contact patterns obtained from ﬁve image
matching processes.
1299Osteoarthritis and Cartilage Vol. 14, No. 12a contact area of 343 mm2 in the talocrural joint while Bruns
and Rosenbach7 measured a contact area of 155.1
60.3 mm2 under the same load later. Our data indicated that
under weightbearing conditions that simulated the stance
phase of walking, themean cartilage contact area of the taloc-
rural joint was between 272 mm2 and 417 mm2. All these var-
ious studies demonstrated that the cartilage contact areas
were less than 500 mm2 at the talocrural joint.
The results of our study indicated that articular cartilage
contact was only observed in less than 50% of the cartilage
coverage areas in the talocrural joint at various positions of
the simulated stance phase of walking. Since the exact
in-vivo loading condition at the talocrural joint is unknown,
Fig. 7. Talocrural cartilage contact areas during the simulated
stance phase of walking (*P< 0.05).
Table I
(a) The modified contact frequencies (%) at the sub-regions of tibial
cartilage surface corresponding to Fig. 4(a) at different positions of
the simulated stance phase of walking; (b) the modified contact
frequencies (%) at the sub-regions of talar cartilage surface corre-




Heel strike 9.3 10.3 13.8 12.8 3.5 9.6
Mid-stance 4.4 4.3 10.0 11.5 1.4 3.7 D
Toe off 1.7 1.9 10.6 10.5 6.1 9.1
Heel strike 18.9 13.4 11.4 7.5 7.7 13.4
Mid-stance 21.4 3.9 20.0 5.6 5.1 4.6 E
Toe off 15.9 10.9 18.5 7.1 8.3 7.7
Heel strike 10.0 9.2 17.8 15.3 7.6 6.9
Mid-stance 13.8 6.9 15.5 6.4 8.4 7.1 F
Toe off 13.2 8.5 18.2 10.5 7.5 5.7
(b)
G H I
Heel strike 9.6 0.4 17.1 19.1 7.6 9.6
Mid-stance 7.8 5.5 10.9 8.8 5.8 6.7 J
Toe off 10.8 12.8 13.7 16.1 5.9 7.3
Heel strike 22.1 15.0 13.3 11.5 11.4 22.2
Mid-stance 24.5 7.8 22.6 4.9 9.8 8.1 K
Toe off 16.2 12.8 17.8 11.9 9.7 13.5
Heel strike 8.0 7.9 10.3 11.7 0.6 1.7
Mid-stance 5.7 4.7 11.4 12.7 1.4 2.5 L
Toe off 5.5 5.6 12.6 16.0 7.8 12.6it is difﬁcult to compare our data with those reported in the
literature. Our in-vivo cartilage contact data showed signiﬁ-
cant changes in cartilage contact areas at different positions
that simulated those during the stance phase of walking
(Fig. 7). This might be indicative of the effect of the varying
loading conditions throughout the simulated stance phase
of walking as well as the complicated geometry of the joint.
The cartilage of the talocrural joint was only partially loaded
during the various in-vivo loading conditions.
Contact frequency has been used in literature to repre-
sent the locations of cartilage contact in articular joints
such as the ankle16 and the shoulder24. In this study, we
divided the cartilage surfaces of the talocrural joint into
nine sub-regions. The percentage of the contact area in
a sub-region was deﬁned as the contact frequency in the
sub-region. In the three ankle positions studied in this
paper, the highest contact frequency was less than 25%,
indicating no dominancy of the contact locations was found.
The lowest contact frequencies were always found at the
posterior regions on both the tibial and talar surfaces. In
general, the contact areas were found to be slightly more
lateral and central at heel strike and mid-stance positions
(Fig. 4). This contact pattern might correlate to the ankle
kinematics during the gait. Eversion (valgus) positioned
hind feet were generally observed from heel strike to mid-
stance during the stance phase of walking22,30,31. As
reported in our previous work about the 6 DOF kinematics
of human ankle joint complex22, the motion of the joint at
these positions was not simply dorsi-plantar ﬂexion, inver-
sioneeversion or internaleexternal rotation, but rather
a coupled motion. Small joint position changes may cause
signiﬁcant changes of contact area. Our data indicated
that an eversion ankle position might shift the in-vivo taloc-
rural joint contact more laterally, which has also been
observed in previous cadaveric experiments22,30,31. From
mid-stance to toe off positions, the most frequent contact re-
gion slightly shifted to more central. This might be caused
by the reduced eversion of the ankle during this motion as
stated in other literature8.
There are several limitations that should be noted in this
study. We used overlap of two cartilage surfaces to repre-
sent the cartilage contact area. This might underestimate
the contact area since the cartilage deforms under load.
Deformation of the cartilage might result in larger contact
area than the overlapping area. This method was only
validated under a static loading condition. The validation
test indicated that the image matching method caused
a 3.4% underestimate in the contact area under a 200 N
load. Therefore, the image matching method could provide
a useful estimation of the in-vivo talocrural cartilage contact
areas.
The contact stress distributions in the cartilage layers
were not obtained in this study. However, the contact kine-
matics of the talocrural joint determined from this study may
be used as a displacement boundary condition for a 3D
Table II
Cartilage coverage areas on the distal tibial surface and proximal





Bruns and Rosenbach7 N/A 1196.7 190.4
Kura et al.16 922 120 N/A
Al-Ali et al.27 1020 188 1390 274
Greenwald et al.28 N/A 1329.0 167.7
1300 L. Wan et al.: In-vivo talocrural cartilage contact areaﬁnite element analysis to calculate the actual cartilage con-
tact areas and stress distributions within the talocrural joint.
To do this, the constitutive behavior of the in-vivo cartilage
must be known a priori, which makes the in-vivo ﬁnite ele-
ment analysis challenging. Another limitation of this study
is that we only investigated three positions during the simu-
lated stance phase of walking and none of these positions
were captured in real time during walking22. It is known
that the cartilage deformation is time-dependent. Cartilage
contact behavior may need to be described as a function
of loading history of the functional activity. Future study
will investigate the talocrural cartilage contact areas and
stress distributions during the real dynamic stance phase
of walking using cine-ﬂuoroscopy.
In conclusion, the combined MR and dual-orthogonal
ﬂuoroscopic imaging method was shown to be a valuable
tool for the determination of the in-vivo articular cartilage
contact areas of the talocrural joint at various weightbearing
ankle positions. At the positions that simulated the stance
phase of walking, the contact area was less than half
of the cartilage coverage areas of the tibial and talar sur-
faces. The contact areas were shown to be slightly more
lateral and central on the talocrural joint surfaces; and
in general, the posterior portion of the talocrural joint
showed lower contact frequencies as compared with other
regions. These quantitative data may be useful for the
development of 3D ﬁnite element modeling of in-vivo carti-
lage contact stress. This methodology can also be used
to investigate the contact biomechanics of ankle joints
with osteoarthritis.
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